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Adult skeletal muscle possesses a remarkable regen-
erative capacity, due to the presence of satellite cells,
adult muscle stem cells. We used fate-mapping
techniques in avian and mouse models to show that
trunk (Pax3+) and cranial (MesP1+) skeletal muscle
and satellite cells derive from separate genetic line-
ages. Similar lineage heterogeneity is seen within
the head musculature and satellite cells, due to their
shared, heterogenic embryonic origins. Lineage
tracing experiments with Isl1Cre mice demonstrated
the robust contribution of Isl1+ cells to distinct jaw
muscle-derived satellite cells. Transplantation of
myofiber-associated, Isl1-derived satellite cells into
damaged limb muscle contributed to muscle regener-
ation. In vitro experiments demonstrated the cardio-
genic nature of cranial- but not trunk-derived satellite
cells. Finally, overexpression of Isl1 in the branchio-
meric muscles of chick embryos inhibited skeletal
muscle differentiation in vitro and in vivo, suggesting
that this geneplays a role in the specificationof cardio-
vascular and skeletal muscle stem cell progenitors.
INTRODUCTION
There are 60 distinct skeletal muscles in the vertebrate head
that control food intake, facial expression, and eye movement.
In recent years, interest in this group of muscles has significantly
increased, with the accumulation of new lineage tracing, molec-
ular profiling, and gene targeting studies (reviewed in Bothe
et al., 2007; Grifone and Kelly, 2007; Noden and Francis-West,
2006; Tzahor, 2009). Head muscles are generally classified
according to their anatomical location and function within the
head: for example, the six extraocular muscles move and rotate
the eye in a highly coordinated manner; branchiomeric muscles
control jaw movement and facial expression, as well as pharyn-
geal and laryngeal function. Muscles in the neck and tongue are
derived from myoblasts originating in the most anterior set of
somites (reviewed in Noden and Francis-West, 2006).
Several lines of evidence indicate that different, sometimes
opposing, intrinsic and extrinsic regulatory pathways control
skeletal muscle formation in the trunk and head regions. For822 Developmental Cell 16, 822–832, June 16, 2009 ª2009 Elsevierinstance, genetic loss of myogenic transcription factors in mice
differentially affects head and trunk muscles (Dong et al., 2006;
Kelly et al., 2004; Lu et al., 2002; Rudnicki et al., 1993; Tajbakhsh
et al., 1997). Bmp and Wnt/b-catenin pathways are potent regu-
lators of trunk and cranial mesoderm progenitors (reviewed in
Buckingham, 2006). Manipulations of these signaling molecules
in chick embryos resulted in distinct cellular responses in trunk
and cranial paraxial mesoderm (CPM) (Tirosh-Finkel et al.,
2006; Tzahor et al., 2003; Tzahor and Lassar, 2001).
CPM located anterior to the somitic series provides precursors
for the skeletal muscles in the head. CPM cells stream into the
neighboring branchial arches (BAs, also known as pharyngeal
arches), the templates of the adult craniofacial structures. Within
the BAs, cranial neural crest (CNC) cells surround the muscle
anlagen in a highly organized fashion.
Recent studies have begun to delineate the molecular and
cellular regionalization of the head mesoderm and its division
into twodistinct domains (CPMand lateral splanchnicmesoderm
[SpM]). In general, CPM cells display skeletal muscle potential,
whereas lateral SpM cells bear cardiogenic potential, both
in vitro and in vivo (Tirosh-Finkel et al., 2006). Importantly, there
seems to be no clear border between these domains, reflecting
a dynamic continuum in these fields along the medial-lateral/
dorsal-ventral axes. It has been shown in the chick that there is
considerable overlap in the expression of cranial skeletal muscle
markers (e.g., Myf5, Tcf21 [capsulin], Msc [MyoR], Tbx1, and
Pitx2) and cardiac lineagemarkers (e.g., Islet1andNkx2.5) (Bothe
andDietrich, 2006; Nathan et al., 2008; Tirosh-Finkel et al., 2006).
Notably, Tbx1 and Pitx2 play key roles in cardiogenesis and
craniofacial myogenesis (reviewed in Grifone and Kelly, 2007;
Tzahor, 2009).
Nathan et al. (2008) recently extended these analyses by
showing that CPMcells in the chickmainly contribute to the prox-
imal region of the myogenic core in the first branchial arch,
whereas SpM cells contribute to its distal region. Subsequently,
CPM-derived myoblasts in the first branchial arch contribute to
the mandibular adductor complex (equivalent to the masseter
in mammals), whereas SpM-derived myoblasts in the distal part
of the arch give rise to lower (e.g., intermandibular) jaw muscles
(Marcucio and Noden, 1999; Nathan et al., 2008). Furthermore,
gene expression analyses in the chick uncovered a distinct
molecular signature for CPM- and SpM-derived branchiomeric
muscles. For example, Isl1 is expressed in theSpM-derived inter-
mandibular anlagen, and its expression is correlatedwithdelayed
differentiation of thismuscle (Nathan et al., 2008). Lineage tracingInc.
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Head Muscle-Derived Satellite Cellsexperiments in mice withMef2c AHF-Cre (Dong et al., 2006) and
Islet1-Cre alleles (Nathan et al., 2008) also corroborated the
contribution of SpM cells to first branchial arch-derivedmuscles.
Adult skeletal muscle possesses a remarkable ability to regen-
erate after injury. The cells that are responsible for this capacity
are the satellite cells, adult stem cells positioned under the basal
lamina of muscle fibers that can give rise to both differentiated
myogenic cells and also maintain their stemness by means of
a self-renewal mechanism. Satellite cells play a key role in the
routine maintenance, hypertrophy, and repair of damaged adult
skeletal muscles (Buckingham, 2006; Kuang andRudnicki, 2008;
Zammit et al., 2006).
Early experiments with quail-chick chimeras suggested that
the embryonic origins of adult skeletal muscles and satellite cells
in the trunk may be traced to the somites (Armand et al., 1983).
More recent studies have characterized the progenitors of trunk
satellite cells, identifying them as Pax3/Pax7+ proliferating
myoblasts in the central dermomyotome (Gros et al., 2005; Kas-
sar-Duchossoy et al., 2005; Relaix et al., 2005; Schienda et al.,
2006). Cells derived from sources other than the dermomyo-
tome, such as the bone marrow, vascular, and hematopoietic
lineages, may also contribute to the satellite cell pool (Olguin
et al., 2007), although the significance of such a contribution to
normal and pathogenic myogenesis is far less clear.
Although it is known that myogenesis in the trunk and in the
head substantially differs, embryological, molecular, and cellular
studies of satellite cells from the head musculature are presently
lacking. In particular, the embryonic origin(s) of head muscle-
associated satellite cells, as well as their differentiation potential
and functions during normal and pathogenic myogenic
processes, have not been explored. Muscle regeneration has
been studied almost exclusively in limb muscles, although two
studies demonstrated that limb and head muscles display
differing regenerativecapacities in their response to injury (Pavlath
et al., 1998; Sinanan et al., 2004), perhaps due to developmental
differences in their satellite cell populations. Gene expression
profiles suggest that differencesbetweenheadand trunkmuscles
are maintained into adulthood (Porter et al., 2006). Furthermore,
muscle myopathies are differentially linked to a specific trunk or
cranial region (Emery, 2002), suggesting that headmuscles share
properties that make them resistant to some, but more suscep-
tible to other, forms of muscle dystrophies.
In the current study, we utilized both avian and mouse models
to investigate the embryonic origins of head muscle-associated
satellite cells, and to explore their differentiation and regenera-
tive potential. We show herein that muscle progenitors, including
satellite cells in the head, arise from distinct cellular and genetic
lineages. Branchiomeric muscle-derived satellite cells share
regenerative characteristics and harbor distinct differentiation
potential, compared to satellite cells derived from the somites.
Clarification of these fundamental issues may yield valuable
developmental and clinical insights.
RESULTS
Branchiomeric Head Muscles and Their Associated
Satellite Cells Derive from the CPM in Avian Embryos
Previous studies in the chick have documented the contributions
of CPMcells to distinct headmuscles (Hacker andGuthrie, 1998;DeveMootoosamy and Dietrich, 2002; Tirosh-Finkel et al., 2006) and
to the cardiac outflow tract (Noden, 1991; Tirosh-Finkel et al.,
2006). We first initiated long-term fate mapping of CPM cells in
chick embryos by injecting replication-defective retroviruses
into the CPM at stage 8 (approximately embryonic day 1.5
[E1.5]), followed by whole-mount detection of the reporter
gene at E14 (see Figures S1A–S1D, available online). Our results
demonstrated widespread labeling of distinct muscles and
bones (e.g., the mandibular adductor, intermandibular muscle,
dorsal oblique muscle, and frontal bone) derived from the
CPM, in agreement with previous fate-mapping experiments
(Evans and Noden, 2006).
We next employed a quail-chick transplantation approach to
explore the origin(s) of craniofacial satellite cells in various
head muscles (Figure 1A). Based on the previous viral lineage
experiments, either small or large grafts of CPM tissue from
a quail donor were implanted into the equivalent area in stage-
matched chick embryos (stage 8, in order to prevent the incorpo-
ration of neural crest cells into the CPM that occurs atstage 9),
and embryos were left to develop to hatching (E21/posthatch
day 1 [P1]). Six posthatch chimeras were further analyzed by
immunostaining with the quail-specific antibodies QCPN and
MyHC (Myosin Heavy Chain) on head cryosections. In large-graft
chimeras (n = 4), quail cells were detected in both BA1 deriva-
tives, and extraocular muscles such as the mandibular adductor
and dorsal oblique (Figures 1D and 1E), whereas in small-graft
chimeras (n = 2), only BA1 derivatives were seen (Figure 1F).
In order to label satellite cells of quail origin, coimmunostaining
of QCPN, DAPI, Pax7, and laminin was performed. In large-graft
experiments, 90% (83%–98%) of satellite cells (Pax7+, posi-
tioned under the basal lamina) were of quail origin (QCPN+) in
both eye and branchiomeric muscles (Figures 1G and 1H).
QCPN satellite cells would suggest that these cells originated
elsewhere or, more likely, resulted from the antibody’s limited
sensitivity. In the small-graft experiments (Figures 1F and 1I),
we noticed that both myonuclei and satellite cells originating
from the graft were not evenly distributed within the chimeric
muscle, but rather concentrated in a specific area. Our findings
suggest that both muscle and satellite cell progenitors journey
together, maintaining their spatial relationships during develop-
ment. These results further indicate that in avian embryos, head
muscles and their associated satellite cells arise from common
origins in the embryonic CPM.
Trunk and Cranial Skeletal Muscles and Satellite Cells
Derive from Separate Genetic Lineages
The genetic program that controlsmyogenesis in the head differs
considerably from that of the trunk (see Introduction). In order to
assess whether similar genetic differences appear in satellite
cells originating in either trunk or cranial skeletal muscles, we
used the MesP1Cre mouse to label head muscles (e.g.,
masseter; Figure 2A) and the Pax3Cre mouse to label trunk
(limb) muscles (e.g., gastrocnemius; Figure 2J). Although none
of these mouse Cre lines are absolutely specific to a particular
lineage, the combination of the two lines yielded insights into
the origins of satellite cells in the head and trunk (Figure 2).
In the mouse, lineage analyses with Pax3Cre (Engleka et al.,
2005) or other Pax3 alleles revealed that trunk skeletal muscles
(and their associated satellite cells) derive from Pax3+ cellslopmental Cell 16, 822–832, June 16, 2009 ª2009 Elsevier Inc. 823
Developmental Cell
Head Muscle-Derived Satellite CellsFigure 1. Head Muscles and Their Associ-
ated Satellite Cells Share a Common Meso-
derm Origin
(A and B) Diagrams of the quail-chick small- and
large-graft experiments, suggesting that quail
myoblasts contributed myonuclei and satellite
cells in proportion to the graft size.
(C) A cartoon depicting selected muscle groups in
an adult chick head. Green dots in the dorsal obli-
que (2) and mandibular adductors (3) represent
quail nuclei. The dashed line indicates the plane
of sectioning.
(D–F) Transverse sections stained for MyHC (red),
quail-specific marker QCPN (green), and DAPI
(blue) of eye and mastication muscles from post-
hatch quail-chick chimera, by using either (D and
E) large or (F) small grafts. The dashed line indi-
cates a region with a high concentration of quail
nuclei.
(G–I) Muscle sections (D–F) are followed by their
respective higher magnifications stained with
QPCN (peri-nuclear, green), Pax7 (nuclear, red),
DAPI (blue), and laminin (Lam, white). Quail meso-
derm-derived Pax7+ satellite cells located under
the basal lamina are marked by a full arrowhead;
chick-derived satellite cells (empty arrowhead)
can be seen in the small-graft experiment (I).
Scale bars, 150 mm (F), 5 mm (G–I).(Kassar-Duchossoy et al., 2005; Relaix et al., 2005; Schienda
et al., 2006). Moreover, Pax3marks neuronal lineages and neural
crest cells (Engleka et al., 2005). It has been suggested that CNC824 Developmental Cell 16, 822–832, June 16, 2009 ª2009 Elseviercells expressing both Pax3 and Pax7 have arisen from multipo-
tent embryonic stem cells capable of giving rise to many cell
types, including satellite cells (Pierret et al., 2006). The MesP1Figure 2. Cranial MesP1+- and Trunk Pax3+-
Derived Muscles and Satellite Cells Are
Genetically Distinct
(A) A cartoon of skeletal muscles derived from
Mesp1Cre;RosaYFP crosses depicting represen-
tative trunk and head muscles, gastrocnemius
(Gas) and masseter (Mas), respectively.
(B–I) Muscle and satellite cell analyses in a P10
Mesp1Cre;RosaYFP mouse reveal that the (B)
gastrocnemius is YFP, whereas the (F) masseter
is YFP+. (C-I) Immunofluorescence of transverse
sections in these muscles, showing both myofib-
ers and associated satellite cells (arrowheads).
(J) A similar cartoon of Pax3Cre;RosaYFP crosses.
(K–R) Muscle and satellite cell analyses in P10
Pax3Cre;RosaYFPmice. The (K and N) gastrocne-
mius muscle and associated satellite cells (arrow-
heads) are YFP+, whereas the (O and R) masseter
is YFP. Other Pax3-derived lineages such as
the neural crest are revealed by the YFP+ staining
in the facial nerve (FN). The scale bar represents
5 mm.Inc.
Developmental Cell
Head Muscle-Derived Satellite Cellslineage marks the cardio-craniofacial mesoderm field, encom-
passing cardiac mesoderm, endothelial progenitors, and the
cranial mesoderm, as well as some anterior somites that
contribute to tongue skeletal muscles (Dong et al., 2006; Kitajima
et al., 2000; Saga et al., 1996, 1999).
Crossing MesP1Cre with the RosaYFP reporter revealed
extensive labeling of the masseter, but not hindlimb (gastrocne-
mius) muscles (Figures 2B and 2F). Coimmunostaining of DAPI,
Pax7, laminin, and YFP on cryosections of the masseter from
a MesP1Cre;RosaYFP postnatal mouse at P10 clearly revealed
that satellite cells in thismuscle derive fromMesP1+ cells (Figures
2G–2I). Similarly, the gastrocnemius (but not the masseter), as
well as its satellite cells, were labeled in a Pax3Cre;RosaYFP
mouse at P10 (Figures 2L–2N). Taken together, our results
demonstrate that trunk (Pax3+) and cranial (MesP1+) skeletal
muscles and satellite cells derive from separate genetic lineages.
To trace the route that cranial muscle progenitors follow in
order to become satellite cells, we analyzed these myogenic
progenitors at early (E11.5, E13.5, E15.5) and late embryonic
and postnatal stages (E16.5, E18.8, P10; Figure S2). We labeled
muscle progenitors in the head mesoderm by crossing MesP1;
RosaYFP (head mesoderm) in combination with the Myf5nlacZ/+
allele, which marks the myonuclei (Tajbakhsh et al., 1996).
Within the Myf5+ population, BrDU+ cells (proliferating myo-
blasts) appeared in a salt-and-pepper pattern, without a clear
proliferative compartment (Figures S2A–S2F), as seen in the der-
momyotome of somites (Gros et al., 2005; Relaix et al., 2005). As
expected, we observed a significant decrease in myoblast prolif-
eration in the myogenic core within this embryonic window, as
myogenic cells start to differentiate (Figure S2G). We then inves-
tigated the maturation of the postmitotic muscle fibers, and the
positioning of satellite cells underneath the basal lamina (Figures
2H–2N), finding parallels in the dynamics observed in trunk satel-
lite cells (Gros et al., 2005; Relaix et al., 2005).
Lineage Heterogeneity within the Head Musculature
and Satellite Cells
Recent loss-of-function and lineage tracing studies highlight
the emerging heterogeneity in cranial muscle developmental
programs (Dong et al., 2006; Kelly et al., 2004; Lu et al., 2002;
Nathan et al., 2008; Shih et al., 2007). The assembly of distinct
genetic lineages in the head musculature could contribute to
the developmental heterogeneity observed. To investigate this
issue, we performed a comparative lineage analysis ofMyf5Cre,
Pax3Cre,MesP1Cre, Isl1Cre, andNkx2.5Cremouse linescrossed
with the Z/EG or RosaYFP reporter lines (Figures 3A–3E).
Coronal paraffin sections of E16.5 embryos from each of these
crosseswere immunostainedwithDAPI,MyHC, andGFP/YFP. In
this setting, GFP/YFPmarked all of the cells in which Cre-depen-
dent recombination occurred, whereas yellow staining resulted
from the overlap between the GFP/YFP (green) and MyHC (red)
staining. This analysis enabled us to draw lineage maps of the
craniofacial anatomy (Figure 3F): eye muscles (Myf5+, MesP1+);
masticationmuscles (Myf5+,MesP1+, Isl1+,Nkx2.5+); and tongue
muscles (Myf5+, MesP1+, Pax3+). Both Isl1- and Nkx2.5-derived
cells contribute to branchiomeric muscles; jaw-openingmuscles
at thebaseof themandible (mylohyoid anddigastric); jaw-closing
masticationmuscles (masseter, pterygoid, and temporalis, albeit
to a lesser extent; compare the yellow color in the digastric to theDeveorange color in the masseter); and some BA2-derived muscles
controlling facial expression, in agreementwith our previous find-
ings (Figures 3Cand3D) (Nathanet al., 2008). Isl1 lineage-derived
cells were absent from the intrinsic and extrinsic tonguemuscles.
In contrast, tongue muscles were strongly positive (yellow) in
both Pax3Cre and Nkx2.5Cre crosses. These results are consis-
tent with the somitic origin of these muscles (Pax3+) and the lack
of Pax3 expression in other head muscle progenitors. Impor-
tantly, Nkx2.5 is expressed in the tongue (Kasahara et al., 1998;
Lints et al., 1993; Moses et al., 2001), but not in the occipital
somites; therefore, we did not consider it part of the tongue
muscle lineage.
The Isl1 Cell Lineage Contributes to Satellite Cells
within Distinct Branchiomeric Muscles
We next analyzed the contribution of distinct myogenic lineages
to satellite cells in various head muscles of P10 mice (Figures
3G–3R; the results of these analyses are summarized in panel
W). The percentage of satellite cells in each muscle was calcu-
lated as the number of YFP+/Pax7+ cells positioned under the
basal lamina, relative to the total number of satellite cells in the
same region. In agreement with our results concerning trunk
and cranial myogenesis (Figure 2), MesP1-derived cells contrib-
uted to satellite cells in all head muscles, including the tongue,
whereas Pax3-derived cells contributed only to satellite cells
of tongue muscles (Figure 3W). The Isl1-derived cell lineage
contributed to 100% and 90% of satellite cells in the anterior
digastric and the masseter, respectively, but not to tongue or
eye muscles (Figure 3W). Examples of Isl1 lineage-derived satel-
lite cells in distinct headmuscles are shown in cryosections from
Isl1Cre;RosaYFP mice at P10, stained for laminin, Pax7, DAPI,
and YFP (Figures 3G–3R).
Because MesP1+ and Isl1+ cells also contribute to the endo-
thelial lineage (Saga et al., 2000; Sun et al., 2007), we asked
whether endothelial cells could contribute to the satellite cell
pool. To this end, we analyzed VE-CadCre (Alva et al., 2006)
crossed with RosaYFP (Figures 3S–3W). Whereas we could not
detect VE-Cad lineage-derived skeletal muscles (Figure 3S),
satellite cells (Figure 3T), or smooth muscle cells surrounding
blood vessels (Figure 3U), the VE-Cad lineage contributed to
the endothelium of vessels and overlapped with CD34 expres-
sion, a marker for newly formed blood vessels (Figure 3V).
Based on this genetic tool, we can accordingly rule out a signifi-
cant endothelial contribution to satellite cells in both head and
trunk.
Taken together, our results in both avian and mouse models
demonstrate that trunk and cranial skeletal muscles and satellite
cells derive from separate genetic lineages and cellular origins. In
addition, our data reveal that the satellite cells are developmen-
tally linked to their embryonic muscle origins. In other words, we
could not find any YFP+ satellite cells in YFPmuscles. Our find-
ings provide genetic support for the notion that somites, CNC
cells, and endothelial-derived cells do not contribute to satellite
cells in the head (except for the tongue muscles, which derive
from occipital somites). We further show that the Isl1 cell lineage,
which contributes to many cardiovascular lineages (Moretti
et al., 2006; Yang et al., 2006) and is associated with stem and
progenitor states, also contributes to satellite cells in distinct
branchiomeric muscles.lopmental Cell 16, 822–832, June 16, 2009 ª2009 Elsevier Inc. 825
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Injured Limb Muscles
To explore the regenerative potential of head muscle satellite
cells in vivo, we isolated single myofibers from the masseter and
digastric of 3-week-old Myf5Cre;RosaYFP or Isl1Cre;RosaYFP
mice, respectively, and injected them into the leg muscles of
a cardiotoxin-injected, age-matched, immune-deficient (nude)
mouse (Figure 4A). Immunostaining of a myofiber obtained from
the masseter of the Myf5Cre;RosaYFP mouse revealed a YFP+
Pax7+ satellite cell (arrowheads, Figures 4B–4D). A robust pres-
ence of YFP+ myofibers could be seen in the transverse section
of the gastrocnemius of the host mouse, 6 weeks posttransplan-
tation, demonstrating that head muscle-derived satellite cells
respond to local cues in the limb to initiate regeneration
(Figure 4E, and data not shown). Furthermore, in vivo transplan-
tation of myofibers from the digastric of a Isl1Cre;RosaYFP
Figure 3. Genetic Heterogeneity of Cranio-
facial Muscles and Satellite Cells: Evidence
of Isl1-Derived Satellite Cells in Branchio-
meric Muscles
(A–E) Transverse sections of E16.5 mouse heads
stained for MyHC (red), GFP/YFP (green), and
DAPI (blue) of (A) MesP1Cre, (B) Pax3Cre, (C)
Isl1Cre, (D) Nkx2.5Cre, and (E) Myf5Cre mice,
crossed with Z/EG (D) or RosaYFP reporter lines.
(F) An anatomical cartoon of adult mouse head,
highlighting the lineage composition of distinct
craniofacial muscle groups.
(G–V) Immunofluorescence of transverse sections
in various cranial muscles in the (G–R) Isl1Cre;
RosaYFP and the masseter in (S–V) VE-CadCre;
RosaYFP mice. YFP+ cells are shown in green,
Pax7+ cells are shown in red, DAPI+ cells are
shown in blue, and laminin (Lam) is white. Arrow-
heads and empty arrowheads indicate YFP+ and
YFP satellite cells, respectively. (S-V) Immunoflu-
orescence for the VE-Cad (GFP) along with (S)
skeletal muscle (MyHC), (T) satellite cells (Pax7 is
marked by empty arrowheads), (U) smoothmuscle
(aSMA), and (V) newly formed blood vessels
(CD34).
(W) A table summarizing the percentage of YFP+
satellite cells in distinct YFP+ head muscles (green
background).
The scale bar represents 5 mm.
mouse into an injured limb muscle of an
immune-deficient host mouse yielded
similar results (Figure 4F).
Cardiac Gene Expression in Head
Muscle-Derived Satellite Cells
Myf5 is expressed in the vast majority of
satellite cells (Beauchamp et al., 2000;
Kuang et al., 2007; unpublished data).
Accordingly, we used the Myf5Cre;
RosaYFP crosses to perform RT-qPCR
gene expression analyses of satellite cells
freshly isolated by FACS (Figure S3). In
order to verify the purity of the sorted
cells, a fraction was cultured and stained
for Pax7 (data not shown). We then compared various candidate
genes between branchiomeric (digastric and masseter)- and
trunk (gastrocnemius)-derived satellite cells. Whereas most of
the tested genes display a similar pattern in both groups, the
expression of TCF21 (Capsulin) in the branchiomeric-derived
satellite cells was two orders of magnitude higher compared to
trunk-derived cells, consistent with other studies (Sambasivan
et al., 2009 [this issue of Developmental Cell]).
We next tested the differentiation potential of trunk and cranial
satellite cells in culture (Figure 5). We previously showed that
BMP4 potently induced cardiogenesis and blocked myogenesis
in the head mesoderm of chick embryos, both in vitro and in vivo
(Tirosh-Finkel et al., 2006), whereas, in somites, it blocked myo-
genesis (Reshef et al., 1998) (illustrated in Figure 5C). Accord-
ingly, we treated trunk (gastrocnemius) and cranial (masseter
and digastric) satellite cells in culture with 300 ng/ml BMP4,826 Developmental Cell 16, 822–832, June 16, 2009 ª2009 Elsevier Inc.
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Head Muscle-Derived Satellite Cellsand analyzed the fate of these cultures by X-gal staining of satel-
lite cells obtained from Myf5nlacZ/+ mice (Figure 5A). After
repeated replating cycles, all satellite cell cultures were b-gal+,
indicating the purity of satellite cells in our cultures. After 7 days
in differentiation medium, satellite cell fusion and differentiation
led to the formation of myofibers (Figure 5A, middle panels).
BMP4 inducedMyf5 expression in both trunk and cranial satellite
cell cultures, but also significantly reduced the number of myo-
fibers (Figure 5A, right panels).
RT-PCR results revealed a BMP4-dependent upregulation of
bothMyf5andPax7, knownproliferationmarkers of satellite cells,
in all cultures (Figure 5B). Furthermore, BMP4 efficiently blocked
myogenic differentiation in trunk-derived, but less so in cranial-
derived, satellite cells, shown by the downregulation of muscle
differentiation markers Myog and MyHC. In addition, BMP4
induced the expression of osteogenic markers in head muscle
satellite cells, as was previously shown for trunk satellite cells
treated with BMP4 (Figure 5B) (Asakura et al., 2001). RT-qPCR
analysis of cultured satellite cells revealed that BMP4 induced
greater expression of cardiac genes such as Isl1 and Tbx20 in
head satellite cells, compared to those of the trunk (Figure 5B).
Moreover, basal levels of Nkx2.5 were significantly higher in
cultures of head satellite cells (Figure 5B, right). Together, these
findings reveal both common and distinct differentiation poten-
tials of satellite cells from trunk and head muscles (Figure 5C).
The induction of Isl1 and Tbx20 in digastric-derived satellite
cell cultures by BMP4 suggests that these cells retain some plas-
ticity, similar to embryonic head mesoderm cells (Tirosh-Finkel
et al., 2006).
Figure 4. Branchiomeric Muscle-Derived Satellite Cells Can Regen-
erate Injured Limb Muscles
(A) A diagram showing transplantation of single myofibers from the masseter
and digastric of 3-week-old Myf5Cre;RosaYFP or Isl1Cre;RosaYFP mice,
respectively, injected into the leg muscles of an age-matched, cardiotoxin-in-
jected (CTX) immune-deficient (nude) mouse.
(B–F) (B–D) Immunofluorescence of a sagital section in the masseter muscle
from a Myf5Cre;RosaYFP mouse, revealing a YFP+ satellite cell (arrowhead,
[B]–[D]) 6 weeks posttransplantation. A transverse section in the transplanted
gastrocnemius muscle revealed many YFP+ fibers originating from either the
(E) masseter of Myf5Cre;RosaYFP or the (F) digastric of Isl1Cre;RosaYFP.DeveIsl1 Acts as a Repressor of Myogenic Differentiation
Isl1 likely plays several roles in the second heart field by affecting
cell migration and proliferation (Cai et al., 2003); however, its
effect on early myogenesis in the head has not been determined.
Because the differentiation of Isl1+ SpM cells (both cardioblasts
and myoblasts) comprising the second heart field/second
myogenic field, respectively, is delayed within the heart and
the lower jaw muscles (Cai et al., 2003; Nathan et al., 2008), it
has been suggested that Isl1 represses skeletal muscle differen-
tiation, either directly or indirectly (Tzahor, 2009). Indeed, we
found that BMP4 has been shown to function as a repressor of
myogensis in the head (Tirosh-Finkel et al., 2006). In addition,
BMP4 beads induced Isl1 expression in BA1 of the chick, in vivo
(Figures 6A–6D).
To test whether Isl1 could block myogenic differentiation, we
infected chick embryos with concentrated retroviruses (either
RCAS-GFP or RCAS-Isl1), both in vitro (Figures 6E–6G) and
in vivo (Figures 6H–6N). In culture, RT-PCR analysis showed
that CPMexplants underwent stepwisemyogenic differentiation,
as evidenced by the appearance of MyoD, Myogenin (Myog),
and MyHC at day 3–4 of culture (Figure 6F). Isl1 overexpression
in these CPM explants markedly blocked these myogenic
Figure 5. Molecular Analyses of Cranial- and Trunk-Derived Satellite
Cell Cultures
(A) X-gal staining of satellite cell cultures derived from a Myf5-nLacZ mouse.
(B) RT-PCR and RT-qPCR analyses of satellite cells derived from selected
cranial and trunk muscles, cultured with or without 200 ng/ml BMP4.
(C) A diagram summarizing shared and distinct effects of BMP4 on embryonic
and adult head and trunk mesoderm cells and satellite cells, respectively.
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Head Muscle-Derived Satellite CellsFigure 6. Isl1 Represses Head Muscle
Differentiation in Chick Embryos In Vitro
and In Vivo
(A) A diagram showing implantation of a bead
soaked in 100 ng/ml BMP4, into the right CPM of
a tage10 embryo.
(B–D) Whole-mount in situ hybridization for (B and
C) Isl1 and the (D) cross-section through BA1,
24 hr postimplantation, showing upregulation of
Isl1 in the implanted (right) BA1 (arrowheads) and
downregulation of Isl1 in the trigeminal ganglia
(black arrowhead). An asterisk marks the bead
in (C).
(E) A diagram showing the CPM explant culture
system.
(F) RT-PCR analysis of CPM explants after 0–4
days in culture.
(G) RCAS-Isl1, but not RCAS-GFP, overexpres-
sion resulted in inhibition of myogenesis in CPM
explants.
(H) A diagram showing retroviral injection, at the
CPM of a stage-8 chick embryo, developed until
E5 for further analysis.
(I–N) Immunofluorescence of transverse sections
through BA1 in an E5 chick embryo, infected
unilaterally with either (I–K) control RCAS-GFP or
(L–N) RCAS-Isl1. Arrows indicate differentiating
myotubes, which were partially repressed by Isl1
(empty arrow). TG, trigeminal ganglia; BA, bran-
chial arch.differentiation genes (Figure 6G), indicating that Isl1 can repress
myogenesis in vitro.
We then tested whether Isl1 could inhibit myogenesis in vivo in
early chick embryos (Figure 6H). Muscle differentiation was
analyzed in transverse sections of BA1 in E5 chick embryos
(Figures 6J–6O). Unlike in the control GFP-infected BA1 (Figures
6I–6K), Isl1 overexpression inhibited expression of the skeletal
muscle differentiation markers Myogenin and MyHC (Figure 6N).
Taken together, our results provide compelling evidence that
the Isl1 cell lineage contributes to skeletal muscle stem cell
progenitors in thehead.Furthermore,we found that Isl1 negatively
regulates myogenic differentiation in headmesoderm, consistent
with its key role in specifying cardiac and skeletal muscle progen-
itors. We suggest that the developmental history of Isl1-derived
cellsmay affect their differentiation potential, an insight that could
translate into advances in regenerative medicine.
DISCUSSION
It is widely accepted that head and trunk myogenic programs
vary considerably (reviewed in Bothe et al., 2007; Grifone and
Kelly, 2007; Noden and Francis-West, 2006). These differences
persist into adulthood, as reflected in the distinct genetic signa-
tures and susceptibility to muscle myopathies of head and trunk
skeletal muscles (Emery, 2002; Porter et al., 2006). Here, we
addressed an important question in the muscle field related to
the embryonic origins of satellite cells (Figure 7A) in the head
musculature. Comparable studies of the origins of satellite cells
in trunk and limb muscles (Gros et al., 2005; Kassar-Duchossoy
et al., 2005; Relaix et al., 2005; Schienda et al., 2006) firmly estab-828 Developmental Cell 16, 822–832, June 16, 2009 ª2009 Elsevierlished that somites give rise to muscle progenitors, including
proliferative Pax3/Pax7 cells, some of which (the satellite cells)
later become quiescent and spatially localized under the basal
lamina (Figure 7C). In a similar manner, we used lineage tracing
techniques in both avian and mouse models to demonstrate
that head mesoderm, comprising both the CPM and the SpM,
contributes todistinct headmusclesand their associated satellite
cells (Figure 7C). Notably, we demonstrated the robust contribu-
tion of Isl1 lineage-derived SpM cells to branchiomeric muscle,
but not to extraocular-derived satellite cells (Figure 7C). These
findings highlight the link between myogenesis in the early
embryo and the generation of adult muscle progenitor pools
required for muscle maintenance and regeneration (Figure 7C).
Heterogeneity in the Head Musculature
The genetic lineage mapping of the head musculature accom-
plished in this study highlights the overwhelming heterogeneity
in these groups of muscles (Figure 7B). Furthermore, this lineage
map corroborates, at the cellular level, our understanding of the
craniofacial muscle phenotypes seen in several recent loss-of-
function studies in mice. A complementary view of craniofacial
muscle formation in mice, based on dissection of the genetic
programs that promote myogenesis in distinct muscles of this
type (e.g., extraocular versus branchiomeric muscles), was
demonstrated by Sambasivan et al. (2009).
Capsulin and MyoR, for example, were shown to act as
upstream regulators of branchiomeric muscle development. In
Capsulin/MyoR double mutants, the masseter, pterygoid, and
temporalis muscles were missing, whereas distal BA1 muscles
(e.g., anterior digastric and mylohyoid) were not affected (LuInc.
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mutant phenotype is compatible with findings that branchio-
meric muscles are composed of at least two myogenic lineages,
CPM-derived and SpM-derived muscle cells.
In Tbx1 mutants, branchiomeric muscles (including those
derived from both CPM and SpM) were frequently hypoplastic
and asymmetric, whereas the extraocular and tongue muscles
were not affected (Kelly et al., 2004). Our lineage analyses of the
head musculature strongly indicate that both extraocular and
tongue muscles derive from lineages distinct from those of bran-
chiomericmuscles (Figures 3 and 7B). InPitx2mutants, the extra-
ocular and mastication muscles of the BA1 are affected (Dong
et al., 2006; Shih et al., 2007): SpM-derived myoblasts, marked
by the Mef2c AHF-Cre lineage in the mouse (Verzi et al., 2005),
were fewer in Pitx2 mutant embryos (Dong et al., 2006). The
craniofacial muscle phenotype ofMesP1, Isl1, andNkx2.5mouse
mutants remains obscure, as thesemutants display early lethality
around E10.5, due to the tight developmental link between heart
and craniofacial muscle development (Tzahor, 2009).
Isl1 Lineage-Derived Cells Contribute to a Broad Range
of Cardiovascular and Skeletal Muscle Progenitors
Isl1+ multipotent cardiovascular progenitors have been cloned
frombothmouse embryonic stem (ES) cells andmouse embryos.
Figure 7. Distinct Myogenic Programs in the Embryo Contribute to
Skeletal Muscles and Satellite Cells in the Head and Trunk
(A) Satellite cells, located on the surface of the myofiber, beneath its basement
membrane (basal lamina), serve as a source of myogenic cells for growth and
repair of postnatal skeletal muscle.
(B) The combinatorial use of several mouse Cre lines, depicted as circles,
enabled us to draw sharp boundaries between head muscle groups (tongue,
mastication, eye muscles), as marked by the overlap between the lineages.
The contribution of these mouse Cre lines to other mesoderm lineages is de-
picted in brackets.
(C) Muscles and satellite cells in trunk and limb derive from somites (Pax3
lineage), whereas branchiomeric muscles (including the mastication muscles)
and their associated satellite cells derive from both CPM and SpM sources
(MesP1, Isl1, and Nkx2.5 lineages). Our findings reveal the lineage signature
of the head musculature and its associated satellite cell population, high-
lighting the overwhelming heterogeneity in these groups of muscles.DeveThese cells, when cultured at the single-cell level, can give rise to
endothelial, smooth muscle, and cardiomyocyte lineages (Mor-
etti et al., 2006; Qyang et al., 2007). The notion that Isl1 could
play a similar role in the specification of satellite cells is certainly
intriguing. We now report the existence of Isl1 lineage-derived
satellite cells in distinct branchiomeric muscles (Figures 3 and
7B). Moreover, these cells can regenerate injured limb muscles
and display distinct molecular signature in culture, compared to
limb-derived satellite cells (Figure 5). Unraveling the molecular
pathways that control the progenitors’ lineage commitment and
differentiation into specific types of mature cellular progeny is
critical to the successful design of cell therapies for degenerative
muscle diseases (Laugwitz et al., 2008). Accordingly, we found
that, to some extent, BMP4 induced cardiac gene expression in
Isl1 lineage-derived satellite cells isolated from the masseter
and digastric muscles (Figure 5), suggesting that head and trunk
satellite cell populations respond differently to surrounding cues.
The observation that Isl1-expressing cells contribute to
multiple cardiovascular and skeletal muscle progenitor cells rai-
ses questions as to the role of Isl1 in the specification of these
lineages. We showed in chick embryos that Isl1 can block skel-
etal muscle differentiation in the head, both in vitro and in vivo
(Figure 6), consistent with the finding that myogenic differentia-
tion in the head is delayed, compared to myogenesis from
somites (Hacker and Guthrie, 1998; Noden et al., 1999). We
propose that Isl1 acts as a repressor of myogenic differentiation
in the head mesoderm.
The recent discoveries in chick and mouse models of two
distinct mesodermal fields (CPM and SpM), both of which
contribute cells to the developing facial musculature in a specific
temporal and spatial manner (Dong et al., 2006; Nathan et al.,
2008), suggest that these fields are analogous to the two distinct
mesodermal heart fields (Tzahor, 2009). In both cases, the
second myogenic field consists of SpM cells expressing Isl1
and Nkx2.5. These Isl1+, Nkx2.5+ cells contribute to the anterior
pole of the heart, as well as to the distal myogenic core of the first
branchial arch (Cai et al., 2003; Nathan et al., 2008). Within both
the heart and the lower jaw, the differentiation of Isl1-derived
cells comprising the second heart field/second myogenic field
is delayed (Marcucio and Noden, 1999; Nathan et al., 2008;
this study). In summary, and in accordance with other studies
(Cai et al., 2003; Laugwitz et al., 2005; Moretti et al., 2006; Qyang
et al., 2007), Isl1 stands at a nodal point in the differentiation and
lineage specification of distinct mesoderm-derived cardiovas-
cular and skeletal muscle progenitors.
Satellite Cells Are Specified during Early Developmental
Stages
The expression of Isl1 in head muscle progenitors is downregu-
lated at E3 in the chick, and E10 in the mouse (Nathan et al.,
2008). In the adult, we failed to detect Isl1 RNA and protein
expression in satellite cells. Strikingly, nearly all satellite cells in
the masseter and anterior digastric muscles were found to be
derived from Isl1-expressing cells (Figure 3). These results
strongly suggest that satellite cells are bound to an embryonic
muscle anlagen and genetic program that is both region specific
(e.g., cranial and trunk) and muscle specific (e.g., eye, mastica-
tion, tongue). For example, Pax3-derived satellite cells were
found in tongue muscles derived from myoblasts arising fromlopmental Cell 16, 822–832, June 16, 2009 ª2009 Elsevier Inc. 829
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(Figure 3). Our findings demonstrate that the lineage map of
the head musculature shares similarities with the lineage map
of their associated satellite cells (Figure 3W). Importantly, our
study and those of others (Gros et al., 2005; Kassar-Duchossoy
et al., 2005; Relaix et al., 2005) were restricted to examination of
early postnatal stages for the presence of satellite cells. It is also
possible that quiescent satellite cells in the adult could originate
from other sources, particularly in instances of pathology (Zam-
mit et al., 2006).
In the trunk, self-renewing embryonic muscle progenitors can
be identified by the expression of Pax3 and, later, Pax7; however,
they lack expression of Myf5 and MyoD (Zammit et al., 2006). In
the head, on the other hand, Pax3 is not expressed in muscle
progenitors, andPax7 expression ensues only afterMyf5 expres-
sion (Hacker andGuthrie, 1998;Nathan et al., 2008). It is tempting
to speculate that Isl1 plays a role in regulating thequiescence and
self-renewal of muscle progenitors in the head, analogous to
Pax3/Pax7 in trunk skeletal muscles. This hypothesis is consis-
tent with the notion that the head mesoderm expresses a group
of ‘‘suspected’’ stimulators of cell proliferation and repressors
of differentiation, such asPitx2,MyoR, capsulin, and Tbx1 (Bothe
and Dietrich, 2006), that could also fulfill these criteria in other
head muscles. Whereas in the head, there are several myogenic
regulators, such as Isl1, that could act upstream of Pax7 in
different muscle anlagen, it seems that in the trunk, all satellite
cell progenitors adhere to a single developmental program
(Tzahor, 2009).
Unlike skeletal muscle, cardiac muscle is believed to lack
regenerative potential. As a result, myocardial infarction (heart
attack) is often accompanied by severe loss of cardiac muscle
tissue. When the pool of contractile cells is depleted below a crit-
ical threshold, heart failure often ensues (Laflamme and Murry,
2005). Limb-derived satellite cells have been used in the clinic
to treat patients after myocardial infarction, but the overall
benefit of the transplanted satellite cells to these patients was
unclear, as the satellite cells remained committed to a skeletal
muscle fate (Laflamme and Murry, 2005). Based on our findings,
and the key role played by Isl1 in various cardiovascular lineage
progenitors, we propose that Isl1 lineage-derived satellite cells
could provide a source of cells to repair cardiac damage, as
well as muscle dystrophies that mainly affect the trunk.
EXPERIMENTAL PROCEDURES
Quail/Chick Transplantation, Viral Injections, and Bead Implantation
Chicken eggs and Japanese quail eggs were incubated until embryos reached
2–3 somites (Stage 8). A piece of quail headmesoderm and ectodermwas iso-
lated from the right side of the embryo by using a tungsten needle and was
transplanted into a stage-matched chick donor. Chimeras were harvested at
E18 or at hatching (P1). In order to label satellite cells of quail origin, immuno-
staining of QCPN, DAPI, Pax7, and laminin was performed.
To infect the CPM in vivo, concentrated replication-defective retrovirus
RIS-AP or replication-competent retroviruses RCAS-Isl1 and RCAS-GFP
were injected into the CPM of stage-8 chick embryos. Retrovirally infected
chicks were harvested at E5 or E14.
Mouse Lines
Pax3Cre (Engleka et al., 2005),MesP1Cre (Saga et al., 1996), Isl1Cre (Sun et al.,
2007), Nkx2.5Cre (Moses et al., 2001), Myf5Cre (Tallquist et al., 2000), and
VE-CadherinCre (Alva et al., 2006) mice were used in this study and were830 Developmental Cell 16, 822–832, June 16, 2009 ª2009 Elseviercrossed with either the Z/EG reporter (Novak et al., 2000) or the Rosa26YFP
reporter (Srinivaset al., 2001),whichyieldanefficient recombination, compared
to the Z/EG reporter.Myf5-nLacZmice (Tajbakhsh et al., 1996) were also used.
Immunofluorescence, X-Gal, and AP Staining
Mouse craniofacial tissues were fixed and sectioned at 7 mm. Paraffin sections
were deparaffinized by using standardmethods andwere subjected to sodium
citrate antigen retrieval. Sections were blocked with either 5% horse serum or
a mouse-on-mouse (MOM) blocking kit (Vector Labs) and were incubated with
monoclonal anti-Pax7, -QCPN, -Isl1, -MF20, and -BrDU (DSHB); biotinylated
goat anti-GFP (1:100, Abcam); rabbit anti-laminin (1:100, L9393, Sigma); and
rabbit anti-b galactosidase (1:200, Cappel). Secondary antibodies used were
Cy2-, Cy3-, or Cy5-conjugated anti-mouse or anti-rabbit IgG; Fab FITC-conju-
gated anti-mouse; Cy3-conjugated anti-mouse Igg1; and Cy5-conjugated
anti-mouse Igg2b (1:200, Jackson ImmunoResearch).
Quail/chick chimera sectionswere first labeledwith anti-QCPNandanti-lam-
inin, followed by anti-mouse Fab FITC and Cy5 (Jackson ImmunoResearch)
labeling. Sections were then fixed with PFA and stained with anti-Pax7 directly
conjugated to Ana tag555 (AnaSpec) and DAPI.
X-gal and AP staining was performed according to standard procedures.
Images were obtained with a Nikon 90i florescent microscope with the Image
Pro Plus program (Media Cybernetics, Inc.) andwere assembled by using Pho-
toshop CS software (Adobe) and PTGui stitching software (http://www.ptgui.
com). Unless stated otherwise, quantification of the staining results was based
on analysis ofR 6 sections, from at least two different embryos.
Satellite Cell Culture and Differentiation
Satellite cells were isolated from various skeletal muscles in mice. Female
Myf5-nLacZ (Tajbakhsh et al., 1996), ICR, or Myf5Cre;RosaYFP 3- to 4-week-
old mice were sacrificed, and muscle tissues were dissected and minced,
followed by enzymatic dissociation at 37C with 0.05% trypsin-EDTA for
30 min. Cells were collected, and trypsinization of the remaining undigested
tissue was repeated three times. After 50 mm filtration (Cell Tricks), cells were
FACS isolated by using a FACSAria or were cultured in proliferation medium
(BIO-AMF-2, Biological Industries, Ltd.). To isolate satellite cells from other
muscle-derived stem cells, a preplating technique was employed (Sarig
et al., 2006), which separates myogenic cells based on their adherence to
collagen-coated flasks. Cellswere grown inDMEMcontaining 5%horse serum
(Biological Industries) for 7 days, with or without 300 ng/ml BMP4 (Sigma). RNA
was isolated from cells with an RNeasy Mini-Kit (QIAGEN), followed by reverse
transcriptionwithM-LVRT (BioLab). cDNAwas used as a template for RT-PCR
with green master mix (Promega), followed by PCR amplification with primers
for osteogenic, cardiac, and skeletal muscle markers (primer sequences are
available upon request). For RT-qPCR, we used the SYBER Green qPCR kit
(Finnzymes). Primer sets were selected by using the Universal ProbeLibrary
Assay Design Center (Roche Applied Science), and the qPCR reaction was
performed by using the Step One Plus Real Time PCR system (Applied
Biosystems).
Muscle Injury and Fiber Transplantations
To inducemuscle injury, cardiotoxin (CTX, 0.1ml of 10 mM; Sigma-Aldrich) was
injected into the gastrocnemiusmuscle of 6-week-old nude female mice (Sarig
et al., 2006). A day later, single myofibers were isolated from selected muscles
in different mouse genetic lines. Approximately 100 fibers were injected into
the area previously injected with CTX, by using a 25-gauge needle. Mice
were sacrificed 6 weeks later, and the injected muscle was removed and
analyzed by using immunofluorescence staining.
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